Numerous cellular processes require metal ions as cofactors for enzymatic reactions or structural components of proteins. Some required metals are toxic at high concentrations, and other metal ions play no physiological roles and are toxic at low concentrations. Therefore cells have evolved detoxification systems for a variety of metals including arsenic, antimony, zinc, lead and cadmium (1,2).
These systems are extremely important to the survival of bacteria and are generally composed of a single transcriptionally regulated operon that encodes at least two gene products: a transcriptional repressor (metal sensor protein) and a resistance protein such as an efflux pump, intracellular chelator or modifying enzyme. The cadCA operon of S. aureus plasmid pI258 confers resistance to Cd(II), Pb(II) and Zn(II) and encodes two proteins: CadC, a metal-responsive transcriptional repressor that responds to Cd(II), Pb(II) and Zn(I) (3) (4) (5) and CadA, a P-type ATPase that extrudes the soft metals out of the cell (6) . The CadC homodimer binds to the cad operator/promoter (o/p) and represses transcription of the operon. When CadC binds Cd(II), Zn(II) or Pb(II), it dissociates from the DNA, allowing expression of the CadA ATPase.
CadC has two different types of metal binding sites (four binding sites per dimer) (7, 8) . The regulatory site, termed Site 1, is composed of four cysteine resides, Cys 7 , Cys 11 , Cys 58 and Cys 60 (of which Cys 11 is not absolutely required) (5) . The crystal structure of apo-CadC revealed a second type of binding site, termed Site 2, at the Cterminal interface between the dimers is composed of four residues, Asp 101 and His 103 from one monomer and His
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and Glu 117 from the other monomer (9) . The objective of this study was to examine the roles of Site 1 and Site 2 in CadC function and to shed light on the evolution of these sites. Although Site 2 is not regulatory in CadC, it is congruent with the regulatory Zn(II) site of the homologous SmtB repressor (10) . In the crystal structure of the aporepressor, one Site 2 is filled with Zn(II), and the other Site 2 is empty (9) . In this study the Site 1 and Site 2 metal binding sites were eliminated by mutagenesis. The stoichiometry, relative affinities and coordination geometry of both sites of were determined. Both types of sites bound both Cd(II) and Zn(II), but Site 1 had a preference for Cd(II) over Zn(II), and the reverse was found for Site 2. While mutagenesis of the metal binding residues in Site 2 eliminated binding of Zn(II) at the dimer interface, there was only a minimal effect on dimerization. The structure of the mutant lacking Site 2 was compared with the wild type with bound Zn(II) and with the structures of SmtB with and without Zn(II) (11) . The results suggest that a single residue at position 87 may be responsible for the difference between the non-regulatory Zn(II) site in CadC and the Zn(II)-responsive site in SmtB.
MATERIALS AND METHODS

Construction
of mutants and purification of CadC. CadC with a C11G substitution has wild-type metalloregulatory properties and is considered as the wild type for the purposes of this study (5) . This variant has improved solubility properties and is less prone to form intermolecular disulfide bonds than CadC with a cysteine residue at position 11. Purified CadC was prepared from E. coli strain BL21(DE3) pYSCM2, as described previously (9) . CadC was reduced with ten molar equivalents of dithiolthreitol (DTT) at 4 °C for 3-4 hrs. DTT removal and concentration of protein were performed by dialysis using 10-kDa cut dialysis tubing membrane in an anaerobic chamber at 4 °C overnight. 101 was changed to glycine in a previously constructed H103A mutant (7, 8) . Mutants were prepared from the C11G variant using a QuickChange site-directed mutagenesis kit (Stratagene) and were purified by the same procedure as described above. FAM-ATAATACACTCAAATAAATATTTGAAT  GAAGATG-3'  and  3 '-TATTATGTGAGTTTATTTATAAACTTA CTTACTAC-5". The two strands were heated to 94 °C for 5 min, annealed by cooling to room temperature and stored in aliquots at -20 °C. Anisotropy measurements were performed in a buffer consisting of 5 mM MOPS-NaOH, pH 7.0, containing 0.4 M NaCl, 1 mM DTT and 5 mM EDTA. DTT and EDTA were excluded for metal titrations. The buffer was degassed by bubbling with argon prior to the assay.
Apo or metallated CadCs were titrated with 1.7 ml of 50 nM fluorescein-labeled cad o/p DNA. CadC was metallated by prior incubation with the addition of a molar equivalent of CdCl 2 . Changes in anisotropy were calculated after each addition using the supplied Felix32 software. The stoichiometry of binding of the CadC dimer to the cad op was calculated using DynaFit (14) .
Inductively coupled plasma mass spectrometry (ICP-MS).
All metal binding experiments were carried out anaerobically under argon at 4 °C. For metal titrations, CadC in a buffer consisting of 25 mM MOPS, pH 7.0, 0.3M NaCl was mixed with various concentrations of Zn(II) or Cd(II) at the indicated molar ratios in the same buffer. The final volume of each tube was adjusted to 0.1 ml with buffer and incubated 15 to 20 minutes on ice. Unbound metal was removed using BioGel P-6 Micro Bio-Spin columns (BioRad,Hercules, CA). For experiments in which bound Cd(II) was replaced by Zn(II), two molar equivalents of ZnCl 2 was added to CadC prior to the Cd(II) titration. The metal content of eluted samples was determined by ICP-MS using a Perkin-Elmer ELAN 9000. All samples were dissolved in 2 % analytical grade HNO 3 acid for analysis. Standard solutions were purchased from Perkin-Elmer for calibration. The protein concentration was determined using a calculated molar extinction coefficient at 280 nm of 6585 M -1 cm -1 (15) or a BioRad protein assay using bovine serum albumin as a standard.
X-ray absorption spectroscopy. Samples for XAS analysis were prepared under argon in a buffer containing 25 mM MOPS-KOH, pH 7, 0.3 M NaCl and 30% (v/v) glycerol Zn(II) or Cd(II) were added at either 0.9 or 1.8 molar equivalents to fill one or both types of sites. In experiments with both cadmium and zinc, the two metals were each added at 0.9 molar equivalents. Samples were added to lucite cuvettes and frozen in liquid nitrogen.
Zinc and cadmium XAS data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL), on beamlines 9-3 and 10-2, and at the National Synchrotron Light Source (NSLS), on beamline X9b. SSRL beamlines 9-3 and 10-2 were equipped with Si111 double crystal monochromaters; beamline 9-3 utilized a mirror for harmonic rejection while 10-2 was detuned 50% at k = 13 Å -1 at each element. NSLS beamline X9b was equipped with a Si111 monochromator equipped with a harmonic rejection mirror. SSRL samples were maintained at 10 K using Oxford Instruments continuous-flow liquid helium cryostats, and NSLS samples were run at 24 K using a He Displex Cryostat. Protein fluorescence excitation spectra were collected using 30-element Ge solidstate array detector at SSRL beamline 9-3 and using 13-element Ge solid-state detectors at both SSRL beamline 10-2 and at NSLS beamline X9b. X-ray energies were calibrated by collecting Zn or Cd foil absorption spectra simultaneously with protein data, assigning the first inflection point as 9659 eV for Zn and 26725 eV for Cd. Each fluorescence channel of each scan was examined for spectral anomalies prior to averaging. SSRL 9-3 data represent the average of 5 to 6 scans, while SSRL 10-2 and NSLS data represents the average of 9 to 10 scans. Full XAS data sets were collected on multiple independent wild type and mutant CadC samples to ensure sample reproducibility.
XAS data were processed using During data simulation, only the bond length and Debye-Waller factors were allowed to freely vary, while coordination numbers were fixed at half-integer values. For Zn fits, values for the scale factor of 1.0 and an E 0 of -15.25, determined from fitting crystallographically characterized models, were fixed and utilized in the protein spectral simulations (16) . For Cd fits, values for the scale factor of 1.0 and an E 0 of -10.00, determined from fitting crystallographically characterized models, were fixed and utilized in the protein spectral simulations. Criteria for judging the best fit simulation and for the addition of ligand environments to the fit included the lowest mean square deviation between data and fit (F'), a value that was corrected for number of degrees of freedom in the fit, and all Debye-Waller factors maintained below a maximum value of 0.006 Å 2 . Simulation parameters of the progressively optimized Zn and Cd EXAFS data for each sample are in Supplemental Tables 1 and 2 .
Isothermal titration calorimetry (ITC) assays. Protein and aqueous ZnCl 2 solutions were prepared anaerobically in 25 mM MOPS, pH 7.0, containing 0.3 mM NaCl. ITC experiments were conducted anaerobically at 25 °C using a VP-ITC titration microcalorimeter (MicroCal, Inc., Northampton, MA) by titrating a 4 mM metal solution into 0.2 mM CadC in 1.4 ml of buffer. Following an initial 2 µl ZnCl 2 solution injection, 40 additional injections of 3 µl each were titrated into the protein sample at 5 minutes intervals. The syringe stirring speed was held constant at 500 rpm. All experiments were conducted in triplicate on independent protein and ZnCl 2 samples to ensure data reproducibility. Data analysis was performed utilizing Origin 7.0 Scientific Graphing and Analysis Software (MicroCal, Inc.) by applying a nonlinear least-squares curve-fitting algorithm.
Optical spectroscopy measurements of Cd(II) binding by CadC. UV-visible absorption measurements were carried out under argon at room temperature in a Varian Carry 1E spectrophotometer. Aliquots of CdCl 2 were added from a gastight Hamilton syringe to reduced CadC in a sealed cuvette. EDTA was used to buffer very low concentration of free Cd(II). A conditional stability constant for the Cd-EDTA complex of 3.2 x 10 12 M -1 , under these experimental conditions (17) . Following each addition, the solution was mixed and allowed to equilibrate for two min, following which spectra were collected from 200 to 600 nm. Spectra were corrected for dilution and by subtracting the apo-CadC spectrum from each spectrum of metallated protein.
Ultracentrifugation analysis of CadC.
Wild type CadC and the Site 2 mutant were analyzed by sedimentation velocity ultracentrifugation at the National Analytical Ultracentrifugation Facility (NAUF) at the University of Connecticut.
Crystallization of the Site 2 mutant.
Crystals of the Site 2 mutant were grown at 23 ± 2 °C in hanging drops. Purified protein (2 µl of 13.5 mg/ml) was added to 2 µl of a well solution containing 1.6 M (NH 4 ) 2 SO 4 and 0.1 M sodium citrate, pH 5.0. The droplets were equilibrated with 0.6 ml of well solution. The crystals grew within 4 to 5 days, attaining dimensions of 0.3 × 0.15 × 0.15 mm 3 . Using a well solution containing 30% glucose, data were collected at the Advance Photon Source, LS-CAT Beamline 21-ID-D, Chicago, IL. The crystal belonged to the space group P4 3 , with cell parameters a=b=89.47 Å, c=148.54 Å, α=β=γ=90°. The structure was solved by molecular replacement using phaser (http://dx.doi.org/10.1107/S0021889807 021206) using a dimer from the CadC crystal structure (pdb id 1U2W) as model (9) . The solution was further refined by the maximum likelihood method using REFMAC (18) of the CCP4 suite (19). A total of 143 water molecules were identified in the 2F o -F c map. A few peaks that appeared at >3.5 σ in the difference Fourier map were identified Na + ions. Attempts to model Zn atoms with partial occupancy into those made the the R-and B-factors worse. There were a few unexplained densities in the final difference Fourier map. The final R-factor after refinement to convergence was 23.8%, with a free R value of 28.6%. X-ray data and refinement statistics are in Supplemental Table 1 . (Fig. 1C) . Binding of Cd(II) to wild type CadC reduces the affinity for DNA by nearly two orders of magnitude relative to the apo protein (Fig. 1A) . Similarly, binding of Cd(II) to the Site 2 mutant decreased the affinity for DNA approximately by more than two orders of magnitude compared to its apo form (Fig. 1C) , demonstrating that the Site 2 mutant retains near wild type response to Cd(II). In contrast, Cd(II) had little effect on the affinity of the Site 1 mutant for DNA (Fig. 1B) (Supplemental Fig. 1 ). Wild type protein bound Zn(II) with a stoichiometry of 4 per CadC dimer but only two Cd(II) per dimer (Supplemental Fig. 1A ), indicating four binding sites for Zn(II) but only two for Cd(II). The Site 2 mutant, which retains Site 1, bound either Zn(II) or Cd(II) in a ratio of two metals per dimer (Supplemental Fig.  1B ), suggesting that Site 1 binds either metal. Surprisingly, the Site 1 mutant, which retains Site 2, also bound two atoms of either Zn(II) or Cd(II) (Supplemental Fig. 1B ), indicating that Site 2 also binds either metal.
Results
Construction
Which sites bind which metals? To investigate this question, wild type CadC was saturated with four Zn(II) atoms, and then the Zn(II)-bound protein was titrated with Cd(III) (Fig. 2A) . Using ICP-MS, the same sample could be assayed for both metals simultaneously. At saturating Cd(II), two of the four Zn(II) atoms were displaced, resulting in a CadC dimer with two Cd(II) and two Zn(II) atoms. These results indicate that one type of site is selective for Zn(II) over Cd(II), and the other has higher affinity site for Cd(II) than Zn(II). In the Site 2 mutant, Zn(II) was displaced by Cd(II) (Fig. 2C) . In contrast, in the Site 1 mutant, Zn(II) was not displaced by Cd(II) (Fig. 2B) Binding of Cd(II) to Site 2 assayed by isothermal titration calorimetry. To confirm that Cd(II) binds to Site 2 at low affinity, binding was assayed by ITC. Again, the binding affinity for wild type and the Site 2 mutant, i.e., at Site 1, is too high to be determined accurately by this method, but the affinity of the Site 1 mutant, i.e., binding of Cd(II) at Site 2, was within the range of ITC analysis (Fig. 3) . The data displayed a mixed heat reaction that began with exothermic and followed by late exothermic heat changes. Cd(II) binding follows an exponential binding curve in the initial stages followed by constant heat absorption due to Cd(II) hydration at the post-saturation sate. The best fit binding isotherm for Cd(II) binding was found to have a stoichiometry of 1. (Fig. 4) . Both wild type (Fig. 4A ) and the Site 2 mutant (Fig. 4B) X-ray absorption spectroscopy was used to probe the local structural environment of zinc and cadmium metal bound to the individual CadC metal binding sites. Full zinc EXAFS were collected for a number of samples, including: 1) wild type CadC with two or four zincs bound per protein dimer; 2) wild type protein with both two zinc and two cadmium bound per dimer; 3) the Site 1 mutant with two zinc bound per dimer, and 4) the Site 2 mutant with two zinc bound per dimer (Supplemental Fig. 2 ). Full cadmium EXAFS were collected on the complementary set of samples. Raw and simulated Zn and Cd EXAFS for each sample are given in spectra A through E in Supplemental Fig.  2  and  3 , respectively. Corresponding Fourier transforms of the raw and simulated EXAFS are given in spectra F through J in Supplemental Fig. 2 and 3 .
In the case of the wild type samples with two or four zincs bound per dimer in the absence of an additional metal, spectral simulations indicate nearly identical average zinc coordination environments between the two samples constructed on average of 2.0 O/N and 1.5 S nearest neighbor zinc ligands at respective average distances of 1.97 Å and 2.20 Å (Supplemental Table 2 , fits 1.4 and 2.4). In both cases, additional long range Zn•••C scattering is observed at ca. 3 and 4 Å. The strong similarity between the best-fit averaged Zn-nearest neighbor bond parameters for the wild type, regardless of whether two or four zinc atoms are bound per dimer suggests, in the absence of additional metals, Zn populates both Sites 1 and 2 equally. Upon addition of stoichiometric amounts of Cd and Zn to the wild type, the average zinc environment becomes constructed of only oxygen/nitrogenbased ligands (there is no Zn-S scattering present in this sample). The initial 1.97 Å Zn-O/N ligand shell seen in the zinc only wt data is resolved at 1.95 Å in the mixed metal wt-sample; in addition, a second resolvable Zn-O/N nearest neighbor environment at 2.09 Å is also observed (Supplemental Table 2 These results indicate that when zinc is present by itself, it fills all four sites, but when both metals are present, zinc fills only the two Site 2, and cadmium prefers the regulatory Site 1.
To examine the selectivity of the two sites in more details, Zn XAS experiments were also performed on the Site 1 and Site 2 mutants. As seen in samples of wild type protein with both metals present, Zn EXAFS for that Site 1 mutant are best simulated with only oxygen/nitrogen based; there is again no evidence for sulfur ligation in this mutant sample. However, unlike the wild type sample with both metals, the nearest neighbor environment in the Site 1 mutant could be simulated only with a single Zn-O/N ligand environment at an average bond distance of 1.96 Å. Long-range scattering was consistent again with carbon scattering at approximately 4 Å. Fitting analysis for the Site 2 mutant indicated that nearest neighbor scattering was dominated in this sample by Zn-S ligation at 2.31 Å (Supplemental Table 2 Table 3 Table 3 , fit 7.3). Longrange scattering is best fit with carbon only scattering at 3.70 Å. Addition of 2 Zn atom/protein dimer to wild type CadC with 2 Cd bound is best fit with 2.0 Cd-O/N ligands at 2.31 Å and 3.0 Cd-S ligands at 2.51 Å (Supplemental Table  3 , fit 8.3). Long range Cd•••C scattering is observed in this sample at 3.83 Å. In the case of the Site 1 mutant, the Cdnearest neighbor environments are best fit with only oxygen/nitrogen-based ligands; there is no evidence for sulfur ligation in this sample. Two unique resolvable Cd-O/N interactions are observed in the regulatory site mutant at 2.25 Å (coordination number of 3) and at 2.39 Å (coordination number of 2). Long-range carbon scattering is observed at 3.22 Å in this sample. In the case of the Site 2 mutant, the Cd nearest neighbor environment is constructed of 2 Cd-S interactions at 2.52 Å and 2 Cd-O/N interactions at 2.29 Å.
Long-range scattering is observed in this case at 3.79 Å. These results are most consistent with Cd(II) filling Site 1 in both the wild type and Site 2 mutant with some free cadmium with bound solvent.
Site 2 is not required for dimerization of CadC. Analysis of the data from sedimentation velocity ultracentifugation of the two CadCs showed that both samples behaved as single species with sedimentation coefficients, s 20,W , of 2.13 S and 2.16 S, respectively (data not shown). The buoyant molecular masses are in good agreement with those expected for dimers of each protein, with no evidence of dissociation of the dimers or further association. Under the experimental conditions used, a reversible monomer-dimer selfassociation could have been detected if the K d were 300 nM or greater. Thus, over the concentration range studied both wild type and mutant CadCs behaved as tight, non-dissociating dimers, demonstrating that zinc binding at Site 2 has no effect on for dimerization.
Crystal structure of the Site 2 mutant. The crystal structure of the Site 2 mutant was solved and refined to 2.31Å (PDB ID code 3F72). The structure contains three molecules in the asymmetric unit, termed dimers AB, CD and EF, respectively. The root mean square deviations in the positions of the common atoms among the three dimers as well as the wild type structure were less than one. From superposition of dimer CD with the wild type structure in which zinc was present in Site 2, it is apparent that the presence or absence of zinc makes no substantial difference to the overall structure (Fig. 5) . A few residues from the N-and C-termini were missing in the electron density map of the Site 2 mutant, as well as in the loop region spanned by residues 89 -96. The disorder in those regions, which represent the main differences between the dimers, could not be resolved. A few residues were missing side chain densities and were modeled as alanines. The average B-factor of the structure is 56.5. Residues in the regions of disorder had higher B-factors.
From the electron density map, it clear that there is no bound zinc at the position of the altered Site 2. The only nonprotein densities were observed at >3.5 sigma contour of the F o -F c map, at a region closer to His 114 of dimer AB and 2.26 Å away from the corresponding positions of the Zn atoms in the wild type structure. Further refinement identified the densities as Na + ions. Of the five Na + identified from the electron density map, four were bound to dimer AB, while the fifth was bound to dimer EF. Dimer CD was devoid of cations and was used as for further analysis, but the results were essentially the same with the other two dimers. Thus the D101G and H103A substitutions eliminated binding of Zn(II) at Site 2 with no major changes to the overall structure.
Discussion
In this report we examined the role of the two types of CadC metal binding sites, Site 1, the regulatory site, and Site 2, present at the interface between monomers. We focused on three questions : 1) Fig. 1B) .
The second question is does Zn(II) binding to Site 2 have a structural or functional role in CadC? It is not regulatory. The Site 1 mutant loses all regulatory activity in vivo (5), and Cd(II) does not induce dissociation from the cad o/p in vitro (Fig.1B) . In contrast, there seems to be little effect of removing the ability of Site 2 to bind Zn(II) or to dissociate from the DNA upon addition of inducer (Fig. 1C) . Neither does the presence of Zn(II) in Site 2 have an obvious structural role, since sedimentation equilibrium analysis indicates that both wild type and the Site 2 mutant of CadC are equally tight dimers. Comparison of the structure of wild type with zinc bound at Site 2 and the Site 2 mutant with no zinc shows no significant differences (Fig. 5) , so the presence of zinc appears to make little difference in CadC. So, at this time, we cannot assign a role for Site 2.
That brings up the third topic: what is the difference between Zn(II) binding to Site 2 in CadC and the corresponding regulatory Zn(II) binding site in the Zn(II)-responsive repressor SmtB? The ArsR/SmtB family of metalloregulatory proteins have a common DNA binding helix-turn-helix fold with a winged helix structure. In the absence of their inducing metal ions, these proteins bind to the promoter region of their respecting operons, thus repressing transcription. When the inducing metal is bound, the repressor dissociates, presumably as a result of a conformational change in the DNA binding region, thus allowing for transcription. While the overall fold in these family members is conserved, the binding sites for inducer metals in different homologues are located at a number of locations on the surface of the protein, apparently by convergent evolution (20) . Presumably, metal binding at each of these disparate sites transmits a conformational change to the DNA binding site; it is not necessary that they each cause the same change as long as the metallated repressor no longer binds to the DNA with the same affinity.
CadC and SmtB have a sequence similarity of 48.4% and a 79% structural identity (21) . Crystal structures have been solved for both CadC (9) and SmtB (22) . The root mean square deviation of the position of the common atoms between the two structures is 2.26 Å. In both, a helix-turn-helix interacts with the DNA. Comparison of apo and zinc-bound forms of SmtB indicate that a series of interactions propagating from Site 2 affects the DNA binding region (11 XAS, x-ray absorption spectroscopy; EXAFS, extended x-ray fine structure; ICP-MS, inductively coupled plasma mass spectrometry; SSRL, Stanford Synchrotron Radiation Laboratory; NSLS, National Synchrotron Light Source; Isothermal titration calorimetry (ITC) His 114
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